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Summary
Subpopulations of sensory neurons in the dorsal root
ganglion (DRG) can be characterized on the basis of
sensory modalities that convey distinct peripheral
stimuli, but the molecular mechanisms that underlie
sensory neuronal diversification remain unclear.
Here, we have used genetic manipulations in the
mouse embryo to examine howRunx transcription fac-
tor signaling controls the acquisition of distinct DRG
neuronal subtype identities. Runx3 acts to diversify
an Ngn1-independent neuronal cohort by promoting
the differentiation of proprioceptive sensory neurons
through erosion of TrkB expression in prospective
TrkC+ sensory neurons. In contrast, Runx1 controls
neuronal diversification within Ngn1-dependent TrkA+
neurons by repression of neuropeptide CGRP expres-
sion and controlling the fine pattern of laminar termi-
nation in the dorsal spinal cord. Together, our findings
suggest that Runx transcription factor signaling plays
a key role in sensory neuron diversification.
Introduction
The initial processing of somatosensory information
from the periphery to the spinal cord is mediated by pri-
mary sensory neurons located in the dorsal root ganglion
(DRG) (Scott, 1992). Distinct subclasses of DRG neurons
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munology, Yokohama, Kanagawa, Japan.convey different sensory modalities, but the molecular
mechanisms that regulate sensory neuron diversity re-
main unclear. Specific sensory neuron subtypes in the
DRG express transmembrane receptor tyrosine kinases
that transduce signals from neurotrophic factors (Bibel
and Barde, 2000; Huang and Reichardt, 2003), and cer-
tain subtypes can further be subdivided on the basis of
differential expression of peptidergic neurotransmitters
(Scott, 1992). There is a tight correlation between the ex-
pression of these characteristic molecular traits, the sen-
sory modality and the central projection pattern of pri-
mary sensory neurons (Bibel and Barde, 2000; Scott,
1992). Resolving the mechanisms that control the acqui-
sition of gene expression profiles in functionally distinct
subpopulations has therefore emerged as a central
problem in defining the logic that drives the diversifica-
tion and function of DRG neurons (Markus et al., 2002).
Several transcription factors have been implicated in
the generation and differentiation of DRG neurons. The
generation of DRG neurons is controlled in progenitor
cells by the combinatorial activities of Neurogenin1
(Ngn1) and Neurogenin2 (Ngn2), two proneural tran-
scription factors of the basic helix-loop-helix class,
and their combined loss results in a complete lack of
DRG neurons (Ma et al., 1999). The expression of Ngn2
precedes that of Ngn1, and in Ngn2 mutant mice, the
generation of sensory neurons is delayed but not abol-
ished, indicating that Ngn1 can substitute for Ngn2
activity (Ma et al., 1999). In contrast, Ngn1 mutant mice
exhibit a marked decrease in the number of cutaneous
DRG sensory neurons (Ma et al., 1999).
Different classes of postmitotic DRG neurons are de-
lineated by two major classes of neurotrophic factor re-
ceptors, Trk and Ret family kinases. Trk kinases serve as
receptors for the neurotrophins NGF, BDNF and NT-3,
and define three major subclasses of DRG neurons.
TrkA is expressed by many nociceptive and thermocep-
tive afferents, TrkB is expressed by a subpopulation of
cutaneous mechanoreceptive neurons, and TrkC is ex-
pressed by proprioceptive neurons (Bibel and Barde,
2000; Huang and Reichardt, 2003). Most TrkC+ and
TrkB+ DRG neurons appear to derive from Ngn2 precur-
sors, whereas Ngn1 is required to generate the majority
of TrkA+ afferents (Ma et al., 1999). In addition, Ret, a
receptor tyrosine kinase that transduces signaling by
glial cell line derived neurotrophic factor (GDNF) family
proteins, defines additional subpopulations of DRG neu-
rons, although the sensory modalities that they trans-
duce have not been well defined (Baudet et al., 2000;
Molliver et al., 1997).
The selection of neurotrophic factor receptor subtype
has a critical influence on later aspects of DRG neuronal
differentiation. By gating responses to trophic ligands,
neurotrophic factor receptor expression is essential for
the survival of specific DRG neuronal subsets (Bibel
and Barde, 2000; Huang and Reichardt, 2003) and also
plays an important role in the control of sensory axon
projections (Hellard et al., 2004; Hippenmeyer et al.,
2004; Markus et al., 2002; Patel et al., 2000, 2003). Re-
cently, the selectivity of TrkA and TrkC signaling in
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380Figure 1. Runx3 Expression Is Restricted to Pure TrkC DRG Sensory Neurons
Immunohistochemical analysis of E11.5 (A–D) and E12 (E–L) lumbar level DRG. Insets depict area of dotted box shown at higher magnification.
(A–H) Triple labeling experiment to detect TrkC, TrkB, and Runx3. Note absence of Runx3 expression in hybrid TrkB+/TrkC+ sensory neurons
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381DRG neurons has been suggested to play an instructive
role in determining the phenotypic character of cutane-
ous and proprioceptive afferents (Moqrich et al., 2004).
Moreover, neurotrophic factor receptor signaling is in-
volved in the acquisition of mature sensory neuron phe-
notypic traits, notably the expression of neuropeptides
(Hippenmeyer et al., 2004; Markus et al., 2002; Patel
et al., 2000, 2003). In particular, a subpopulation of
TrkA+ DRG sensory neurons initiates the expression of
the neuropeptide calcitonin gene-related peptide
(CGRP) at late embryonic stages through neurotrophic
factor receptor signaling (Patel et al., 2000; Scott, 1992).
Which factors drive neuronal diversification in postmi-
totic DRG sensory neurons? Recently, the runt related
transcription factors Runx1 and Runx3 have been
shown to be expressed in distinct subpopulations of
DRG neurons (Inoue et al., 2002; Levanon et al., 2002).
At late embryonic stages, Runx3 expression has been
reported to be confined to TrkC+ proprioceptive affer-
ents, and postnatalRunx3mutant mice exhibit defective
axonal trajectories and motor behavioral defects (Inoue
et al., 2002; Levanon et al., 2002). In contrast, Runx1 is
expressed by TrkA+ DRG neurons (Inoue et al., 2002;
Levanon et al., 2002). To date, no association of Runx
transcription factor expression with TrkB+ or Ret+ DRG
neurons has been reported (Levanon et al., 2002).
Whereas the initiation of Runx3 and Runx1 expression
occurs soon after neurons are generated, its timing
with respect to the onset of neurotrophic factor receptor
expression has not been addressed. These findings
raise the question of whether and how Runx and Trk sig-
naling pathways intersect during the development of
diverse functional subsets of DRG neurons.
Here, we have examined the mechanisms by which
Runx transcription factor signaling contributes to the
acquisition of defined subtype-specific DRG neuronal
characters. Using gain- and loss-of-function genetic
manipulations in the mouse, we show that Runx tran-
scription factor signaling acts to subdivide broad sub-
types of DRG neurons into distinct neuronal popula-
tions. Runx3 acts to diversify an Ngn1-independent
neuronal cohort, and Runx1 controls neuronal diversifi-
cation within Ngn1-dependent TrkA+ neurons. Specifi-
cally, Runx3 contributes to the differentiation of a DRG
neuron subpopulation that expresses TrkC alone
through selective erosion of TrkB expression within
TrkC+ sensory neurons. Within TrkA+ cutaneous neu-
rons, Runx1 suppresses the emergence of a CGRP pep-
tidergic character and regulates the pattern of laminar
termination in the dorsal spinal cord. Moreover, Runx3
and Runx1 activities are interchangeable with respect
to the acquisition of these subtype-specific sensory
neuron traits. Together, our findings suggest that
Runx3 and Runx1 regulate the emergence of subpopu-
lation-specific DRG neuron characters.Results
Runx3 Expression Is Confined to TrkC+
But Not TrkB+ or Ret+ DRG Neurons
To study whether the status of Runx3 expression partic-
ipates in the segregation of sensory neuron subpopula-
tions, we examined the expression profile of neurotro-
phic factor receptors and its relation to Runx3
expression. We focused on neurons that express TrkC,
TrkB, and Ret because these neuronal populations are
generated shortly before the onset of Runx3 expression
and prior to the generation of the majority of Ngn1-
dependent TrkA+ neurons (Ma et al., 1999).
In lumbar level sensory neurons, the onset of TrkC ex-
pression preceded that of TrkB and Ret expression by
about half a day, but by E11.5, all three proteins were de-
tected (Figures 1A–1D and 1M–1O; data not shown). A
population of Ret+ DRG neurons has been documented
at late embryonic stages, and this population derives
from TrkA+ sensory neurons (Molliver et al., 1997). How-
ever, several lines of evidence indicate that early Ret+
DRG neurons do not derive from TrkA+ DRG neurons.
Most critically, these Ret+ neurons persist in TrkA2/2
embryos as well as in Ngn1 mutants (Figures 2G, 2H,
2L, and 2M; data not shown), whereas the generation
of most TrkA+ sensory neurons is abolished (Ma et al.,
1999).
At early stages, coexpression of TrkC, TrkB, and Ret
was observed. The incidence of hybrid TrkB+/TrkC+
neurons dropped from w75% at E11.5 to w40% at
E12 and to w10% at E12.5 (Figures 1A, 1D, 1E, 1H,
and 1M; data not shown), in agreement with previous
observations (Farinas et al., 1998). Strikingly, there was
also coexpression of Trk with Ret: at E12, w80% of
Ret+ neurons coexpressed TrkB (Figures 1J, 1L, and
1M), whereas no coexpression of TrkC and Ret was de-
tected (Figures 1K and 1L). To assess whether the hybrid
TrkB+/TrkC+ and TrkB+/Ret+ neurons observed at E12
persisted at later developmental stages, we analyzed
DRG neurons at E14.5. We did not detect coexpression
of TrkB and TrkC, and only few Ret+ DRG neurons coex-
pressed any of the three Trk receptors (Figures 2A–2C;
data not shown). Together, these findings suggest that
hybrid TrkB+/TrkC+ and TrkB+/Ret+ neurons represent
distinct early and transient populations of DRG neurons.
We next examined how Runx3 expression segregates
with neurotrophic factor receptor expression in subsets
of DRG neurons at these early stages. The onset of
Runx3 expression in lumbar level DRG neurons oc-
curred shortly before E11.5, and at E12, more than
85% of TrkC+ neurons coexpressed Runx3 (Figures
1B, 1F, and 1M). In contrast, fewer than 5% of Runx3+
sensory neurons coexpressed TrkB or Ret at this stage
(Figures 1C, 1G, and 1I). We noted that many TrkB+/
TrkC+ neurons expressed low or undetectable levels of(arrows in insets to [E]–[H]). (I) Double labeling experiment to detect Ret and Runx3. (J–L) Triple labeling experiment to detect TrkB, TrkC, and Ret.
Note colocalization of TrkB and Ret but absence of colocalization between TrkC and Ret (arrows in insets). (M) Quantitative analysis of the ex-
pression of different neurotrophic factor receptor types in lumbar DRG. Left: number of neurons/section expressing TrkB, Runx3, or TrkC at
E11.5 and E12. Middle: percentage of TrkC+ DRG neurons coexpressing TrkB or Runx3 at E11.5 and E12. Right: number of neurons/section co-
expressing Ret and TrkB versus the total number of Ret+ neurons/section. Error bars represent standard error of the mean (SEM). (N and O) Sche-
matic representation of developmental profile of TrkC, Runx3, TrkB, and Ret expression. (N) Onset of expression of TrkC precedes TrkB, Ret, and
Runx3 expression. (O) Summary diagram depicting five subpopulations of lumbar DRG sensory neurons at E11.5 to E12 expressing TrkB, TrkC,
and Ret and their status of Runx3 expression (Runx3+, red; Runx32, gray): TrkC+, TrkC+/TrkB+, TrkB+, Ret+/TrkB+, and Ret+. Scale bar: (A)–(D),
24 mm; insets to (A)–(D), 14 mm; (E)–(L), 30 mm; insets to (E)–(L), 17 mm.
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382Figure 2. Ngn1 Is Not Required for Segregation of Neurotrophic Factor Receptor Expression in DRG Sensory Neurons
Immunohistochemical analysis of TrkB /TrkC (A, F, and K), Ret /TrkC (B, G, and L), Ret/TrkB (C, H, and M), Runx3/TrkC (D, I, and N), and Runx1/
TrkC (E, J, and O) expression in E14.5 lumbar DRG of wild-type (A–E) and E14.5 (F–J) or E11.5 (K–O) lumbar DRG ofNgn12/2 embryos. Scale bar:
(A)–(J), 50 mm; (K)–(O), 30 mm.Runx3, whereas TrkC+ neurons that did not coexpress
TrkB were typically associated with high levels of
Runx3 expression (Figures 1A–1H). Taken together,
our findings show that Runx3 expression coincides
with a TrkC phenotype even at the earliest developmen-
tal stages. In contrast, only low Runx3 levels were de-
tected in the few hybrid TrkB+/TrkC+ neurons that
were found to express Runx3 at these stages.
Regulation of Runx Transcription Factor Expression
in DRG Neurons
The association of Runx3 expression with TrkC+ sensory
neurons raises the question of whether the expression
of Runx3 depends on TrkC signaling or is mediated
through a Trk-independent signal. Similarly, the con-
fined expression of Runx1 to TrkA+ neurons may be
a consequence of TrkA signaling or may be regulated
in a Trk-independent manner. To distinguish between
these possibilities, we examined whether Runx expres-
sion is dependent on Trk or Ngn expression or on feed-
back signals from other populations of sensory neurons
in a cell-nonautonomous manner.
Analysis of TrkC mutants at E17.5 did not reveal
Runx3+ sensory neurons, consistent with the loss of pro-
prioceptive afferents in these mice (Klein et al., 1994;
Liebl et al., 1997) (data not shown). In contrast, in TrkC
mutants analyzed at E11.5, when a significant fraction
of prospective TrkC+ neurons are still present in thesemutants, Runx3 expression was clearly detected in
DRG (Figures 3A–3D). This observation suggests that
the onset of Runx3 expression in TrkC+ sensory neurons
is independent of TrkC signaling, but by the time all pro-
prioceptive neurons are missing, Runx3 expression is
lost concurrently. Similarly, we also found that Runx1
expression in TrkA+ cutaneous afferents does not de-
pend on TrkA signaling (Figures 3E–3H), suggesting
that neither Runx3 nor Runx1 depend on Trk signaling
for their induction despite the fact that their onset of ex-
pression lags behind Trk receptor expression.
We next analyzed whether Runx3 expression was al-
tered inNgn2mutant embryos. Consistent with previous
observations (Ma et al., 1999), we found a small tempo-
ral delay in the generation of TrkC+ and TrkB+ DRG neu-
rons inNgn2mutants most likely because of compensa-
tory mechanisms mediated by the later onset of Ngn1
expression (Figures 3K and 3O). However, as soon as
these neurons were generated inNgn2mutant embryos,
we also observed expression of Runx3 in DRG sensory
neurons (Figures 3M, 3N, and 3P). Moreover, as in wild-
type embryos, Runx3 expression was associated with
TrkC+ neurons, excluded from TrkB+ neurons, and ex-
pressed only at very low levels in TrkB+/TrkC+ neurons
(Figures 3I, 3J, 3L, 3M, 3N, and 3P). These observations
suggest that the onset of Runx3 expression is indepen-
dent of Ngn2 function, despite the delay in the genera-
tion of TrkC+ and TrkB+ DRG sensory neurons in Ngn2
Runx Function in Sensory Neuron Development
383Figure 3. Genetic Interactions between
Runx, Trk, and Ngn2 Signaling
(A–D) Expression of Runx3 (A and C) or
Runx3/TrkC in lumbar DRG of E11.5 TrkC+/2
(A and B) or TrkC2/2 (C and D) embryos.
(E–H) Expression of Runx1 (E and G) or
Runx1/LacZ (F and H) in lumbar DRG of
E13.5 TrkA+/LacZ (E and F) or TrkALacZ/LacZ (G
and H) embryos. Inset in (F) and (H) depicts
colocalization between Runx1 and LacZ ex-
pression.
(I–P) Triple labeling experiment to detect
TrkC, TrkB, and Runx3 in lumbar DRG of
E11.5 Ngn2+/2 (I–L) or Ngn22/2 (M–P) em-
bryos. Scale bar: (A)–(D) and (I)–(P), 30 mm;
(E)–(H), 40 mm; inset to (F) and (H), 16 mm.mutant mice. Nevertheless, we cannot exclude the pos-
sibility that Ngn1 can substitute for Ngn2 function in
controlling the induction of Runx3 (Ma et al., 1999).
Finally, acquisition of specific DRG neuronal traits,
such as the expression of defined neurotrophic factor
receptors, has also been suggested to be influenced
by nonautonomous signals (Friedel et al., 1997). This
raises the question of whether the generation of TrkA+
DRG neurons might impact on expression of Runx3 in
TrkC+ sensory neurons. The analysis of Ngn1 mutants
permitted us to address this question. We found that
Runx3 expression was maintained in Ngn1 mutants
and coincided with TrkC+ sensory neurons at E11.5
and E14.5, as in wild-type embryos (Figures 2D, 2I, and
2N). Furthermore, we did not observe a change in the
fraction of hybrid TrkB+/TrkC+ and TrkB+/Ret+ DRG neu-
rons at E11.5 nor in their segregation when comparing
wild-type and Ngn1 mutants at E14.5 (Figures 2A–2C,
2F–2H, and 2K–2M). These findings suggest that neither
the regulation of Runx3 nor the segregation of hybrid
neuronal phenotypes into distinct populations requires
the presence of TrkA+ sensory neurons or Ngn1 activity.
In contrast, and despite the presence of a small numberof TrkA+ DRG neurons (Ma et al., 1999) (data not shown),
no expression of Runx1 was detected in Ngn1 mutants
(Figures 2J and 2O), suggesting that Runx1 expression
is restricted toNgn1-dependent TrkA+ sensory neurons.
Taken together, these findings show that the initial onset
of Runx3 expression in TrkC+ DRG sensory neurons oc-
curs independent of Ngn2 and TrkC function and also
does not depend on the generation of TrkA+ sensory
neurons. Similarly, Runx1 expression in Ngn1-depen-
dent TrkA+ neurons is independent of TrkA signaling.
Altering the Status of Runx3 in Developing DRG
Sensory Neurons
The low level, or exclusion, of Runx3 expression in
hybrid TrkB+/TrkC+ and TrkB+/Ret+ sensory neurons
raises the possibility that Runx3 has a role in the emer-
gence of a solitary TrkC phenotype. To determine
whether the status of Runx3 expression defines the neu-
rotrophic factor receptor phenotype of early-born sen-
sory neurons, we compared the consequences of ec-
topic expression of Runx3 and of elimination of Runx3
function from sensory neurons.
Neuron
384Figure 4. Runx3 Promotes Transition from
TrkB/TrkC to TrkC Neurons
Immunohistochemical analysis of TrkB/
Runx3 (A, D, G, and J), TrkB/TrkC (B, E, H,
and K), and TrkA/TrkC ([C], [F], and [I]: TrkC
protein; [L]: GFP from TrkCGFP [Gong et al.,
2003] allele) expression on E12 lumbar DRG
of wild-type (A–C), TauRunx3/+ Isl1Cre (D–F),
TauRunx1/+ Isl1Cre (G–I), and Runx32/2 (J–L)
embryos. (M) Quantitative analysis of the
number of TrkB+ neurons/section detected
in lumbar DRG of E12 wild-type, TauRunx3/+
Isl1Cre, TauRunx1/+ Isl1Cre, and Runx32/2 em-
bryos. Error bars represent standard error of
the mean (SEM). (N) Summary diagram of
the effects of gain- and loss-of-function ex-
periments on hybrid TrkB+/TrkC+ sensory
neurons. Ectopic Runx3 or Runx1 expression
blocks the potential for TrkB expression in
DRG neurons, whereas Runx3 mutant pro-
spective TrkC+ proprioceptors aberrantly ex-
press TrkB. Scale bar, 15 mm.To express Runx3 ectopically in all DRG neurons soon
after their exit from the cell cycle, we used homologous
recombination in ES cells to integrate into the Tau locus
a cassette suitable for Cre recombinase-mediated acti-
vation of Runx3 and LacZ expression from a bicistronic
message (Figure S1) (Hippenmeyer et al., 2005; Tucker
et al., 2001). To achieve expression of Runx3 in all sen-
sory neurons, TauRunx3 mice were crossed to a strain
of mice with an integration of Cre recombinase into the
Isl1 locus (Srinivas et al., 2001). This strategy directs
conditional transgene activation shortly after the onset
of Isl1 expression in newly generated DRG sensory neu-
rons and motor neurons (Hippenmeyer et al., 2005).
Thus, in TauRunx3/+ Isl1Cre embryos analyzed at E12,
many Isl1+ DRG sensory and motor neurons exhibited
expression of Runx3 (Figures S1C–S1H). At E17.5, ex-
pression of Runx3 and LacZ was observed in >95% of
sensory neurons (Figures S2A–S2F).To assess the level of Runx3 protein achieved by
transgene expression, we used immunofluorescence
histochemistry to measure the mean pixel intensity of
Runx3 immunoreactivity (Chen et al., 2006a) in DRG
neurons of wild-type and TauRunx3/+ Isl1Cre embryos.
We found that Runx3 protein level in TrkC2/Isl1+ DRG
neurons of E17.5 TauRunx3/+ Isl1Cre embryos reached
w67% of the mean Runx3 protein level normally de-
tected in proprioceptive afferents (Figure S3). In con-
trast, TrkC+/Isl1+ DRG neurons in TauRunx3/+ Isl1Cre em-
bryos expressed Runx3 only at a protein level
comparable to that observed in wild-type propriocep-
tive afferents (Figure S3).
Runx transcription factors are derived from different
promoters resulting in the expression of two distinct
amino-terminal splice variants (Bangsow et al., 2001; Le-
vanon and Groner, 2004; Rini and Calabi, 2001). To ad-
dress whether the different splice variants exhibit
Runx Function in Sensory Neuron Development
385Figure 5. Runx3 Acts Cell Autonomously to
Repress TrkB in DRG Neurons
Triple labeling experiment to detect TrkB,
LacZ, and Isl1 expression in E13.5 brachial
(A–D) or lumbar (E–H) DRG of TaumGFP/+
Hb9Cre (A, B, E, and F) or TauRunx3/+ Hb9Cre
(C, D, G, and H) embryos. Scale bar, 45 mm.distinct transcriptional activities, we generated two in-
dependent TauRunx3/+ mouse strains, expressing the
long or short amino-terminal splice variant of Runx3, re-
spectively. The observed phenotypes of the two strains
of mice were indistinguishable, and in this study, we fo-
cus on the mouse strain expressing the short Runx3 iso-
form (data from mice expressing the long Runx3 isoform
are shown in Figure S4).
To eliminate Runx3 function, we used constitutive
Runx3 mutant mice generated by deleting the exon en-
coding the C-terminal region of the DNA binding Runt
domain from the Runx3 locus (I.T. and D. Littman, un-
published data). In these mice, expression of a nonfunc-
tional fragment of Runx3 protein (Runx3trunc) can still be
detected and thus provides a molecular tag with which
to trace prospective Runx3 sensory neurons in
Runx32/2 embryos (see Experimental Procedures as
well as Discussion for details).
Altered Runx3 Expression Influences the
Segregation of TrkB and TrkC Expression
We first examined the influence of Runx3 on the devel-
opmental profile of TrkB and TrkC expression. A predic-
tion of the hypothesis that Runx3 plays a role in the ac-
quisition of the solitary TrkC phenotype is that ectopic
expression of Runx3 will block the potential for TrkB ex-
pression in hybrid TrkB+/TrkC+ DRG neurons.
We therefore compared the acquisition of TrkB ex-
pression in E12 sensory neurons in TauRunx3/+ Isl1Cre
and wild-type embryos. TrkB expression was com-
pletely abolished in DRG sensory neurons in TauRunx3/+
Isl1Cre embryos (Figures 4D, 4E, and 4M). Thus, Runx3
suppresses TrkB expression in DRG neurons. Neverthe-
less, in TauRunx3/+ Isl1Cre embryos, the total number of
TrkC+ sensory neurons analyzed at E13.5 was increased
by only 20% (see below), suggesting that prospective
TrkB neurons do not assume a TrkC phenotype.
To determine whether Runx3 suppresses TrkB ex-
pression in a cell-autonomous manner, we crossed
TauRunx3 mice with Hb9Cre mice in which activation ofthe TauRunx3 allele is restricted to a subset of DRG neu-
rons (Hippenmeyer et al., 2005; Tucker et al., 2001). In
TauRunx3/+ Hb9Cre embryos, in which productive Cre-me-
diated recombination events occur only in very few sen-
sory neurons at brachial levels, we detected mutually ex-
clusive expression of LacZ and TrkB in sensory neurons
throughout all rostro-caudal levels (Figures 5C, 5D, 5G,
and 5H). In control experiments, activation of eGFP and
LacZ expression from a bicistronic message by the
same genetic strategy (Hippenmeyer et al., 2005)
(TaumGFP/+ Hb9Cre) resulted in the presence of TrkB+/
LacZ+ neurons at both brachial and lumbar levels of the
spinal cord (Figures 5A, 5B, 5E, and 5F). Thus, Runx3 re-
presses TrkB expression in DRG neurons and appears to
do so in a cell-autonomous manner.
We next examined whether the loss of Runx3 function
also influences the segregation of TrkB and TrkC expres-
sion in sensory neurons. We compared the profile of
TrkB expression in DRG neurons in Runx32/2 and wild-
type embryos at E12. Consistent with previous observa-
tions (Levanon et al., 2002), in most mutant embryos, the
number of TrkC+ neurons was reduced and the level of
TrkC expression in the remaining neurons was lower
(Figures 4B and 4K and see Discussion). In contrast,
we detected a 2.1-fold increase in the number of TrkB+
neurons in all Runx3 mutants analyzed (wild-type: 26.4
6 0.5 TrkB+ neurons/section; Runx32/2: 54.5 6 2.9
TrkB+ neurons/section) (Figures 4J, 4K, and 4M). In addi-
tion, over 95% of remaining TrkC+ neurons inRunx3mu-
tant embryos coexpressed TrkB (Figure 4K), suggesting
that ectopic expression of TrkB in TrkC+ neurons under-
lies the increased number of TrkB+ sensory neurons in
Runx3 mutants. Consistent with this interpretation,
many TrkB+ sensory neurons in Runx32/2 embryos
were marked by coexpression of Runx3trunc (Figure 4J),
whereas in wild-type DRG neurons, Runx3, and TrkB ex-
pression rarely overlapped (Figures 1C, 1G, and 4A).
Together, the complementary outcomes of these ec-
topic expression and loss-of-function experiments sug-
gest that Runx3 normally promotes DRG neuron
Neuron
386Figure 6. Runx3 Induces TrkC in Ret Sensory
Neurons
(A–L) Immunohistochemical analysis of Ret
and TrkB or TrkC or TrkA expression in E12
lumbar DRG of wild-type (A–C), TauRunx3/+
Isl1Cre (D–F), TauRunx1/+ Isl1Cre (G–I), and
Runx32/2 (J-L) embryos. (M) Quantitative
analysis of the percentage of Ret+ DRG neu-
rons coexpressing TrkC detected in lumbar
DRG of E12 wild-type and TauRunx3/+ Isl1Cre
embryos. Error bars represent standard error
of the mean (SEM). (N) Summary diagram of
the effects of gain- and loss-of-function ex-
periments on Ret+/TrkB+ sensory neurons.
Loss of Runx3 expression does not affect
Trk expression in Ret+ sensory neurons, but
ectopic Runx3 or Runx1 expression induces
the potential for TrkC expression in these
neurons. Scale bar, 15 mm.differentiation to a solitary TrkC+ phenotype by repres-
sing the potential for TrkB expression and maintaining
the expression of TrkC within prospective propriocep-
tors (Figure 4N). These data also reveal the capacity of
Runx3 to repress TrkB expression in prospective TrkB+
sensory neurons.
Altered Runx3 Expression Influences the
Segregation of Ret and TrkB Expression
We next examined how the status of Runx3 expression
influences the developmental segregation of TrkB from
Ret expression. In TauRunx3/+ Isl1Cre embryos, TrkB ex-
pression could no longer be detected in Ret+ neurons,
indicating that Runx3 effectively represses TrkB expres-
sion within TrkB+/Ret+ neurons (Figure 6D). In addition,
the association of Ret and Trk expression was dramati-cally altered. Whereas Ret+ DRG neurons are invariably
associated with TrkB expression in wild-type embryos
at E12 (Figures 1J–1L and 6A), in TauRunx3/+ Isl1Cre em-
bryos, w80% of all Ret+ neurons coexpressed TrkC
(Figures 6E and 6M). And as described above, TrkB ex-
pression was eliminated (Figure 6D). In addition, we ob-
served a w20% increase in the total number of TrkC+
DRG neurons in TauRunx3/+ Isl1Cre embryos analyzed at
E13.5 (wild-type: 39.7 6 0.3 TrkC+ neurons/section;
TauRunx3/+ Isl1Cre: 46.2 6 5.0 TrkC+ neurons/section). In
contrast, coexpression between Ret and TrkA was not
detected at these early stages (Figure 6F).
Together, these findings imply that within the Ret+
DRG neuron population, Runx3 extinguishes TrkB and
can activate TrkC expression (Figure 6N). Nevertheless,
the number of differentiated proprioceptive afferents
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sion in TrkA+ DRG Neurons
(A–C) Triple labeling experiment to detect
TrkA, Runx1, and CGRP expression in E17.5
lumbar DRG of wild-type embryos. Insets de-
pict exclusion of CGRP expression from
Runx1+ sensory neurons at higher magnifica-
tion. Quantitatively, 193.3 6 16.1 neurons/
section of 234.7 6 9.1 TrkA+ neurons/section
coexpress Runx1, and 48.4 6 2.6 coexpress
CGRP at E17.5 (n = 4 embryos). (D) Summary
diagram depicting CGRP expression in cuta-
neous afferents at E17.5. Note that most
CGRP+ sensory neurons express TrkA but
do not coexpress Runx1. (E–P) Conse-
quences of ectopic expression of Runx1 or
Runx3 for differentiation of TrkA+ cutaneous
afferents. Immunocytochemical analysis of
TrkA/LacZ (E, I, and M), CGRP/Isl1 (F, J, and
N), Runx1/LacZ (G, K, and O), and Substance
P (H, L, and P) in E17.5 lumbar DRG of
wild-type (E–H), TauRunx1/+ Isl1Cre (I–L), and
TauRunx3/+ Isl1Cre (M–P) embryos. Scale bar:
(A)–(C) and (E)–(P), 62 mm; inset to (A)–(C),
26 mm.assessed at E17.5 by expression of the calcium binding
protein parvalbumin (Arber et al., 2000) was not signifi-
cantly increased by ectopic expression of Runx3 (data
not shown). These data suggest that Runx3 activity
may not be sufficient to drive a fully differentiated propri-
oceptor state in Ret+ DRG neurons.
The pronounced effect of ectopic Runx3 expression
observed in the early Ret+ DRG neuron population raises
the question of whether loss of Runx3 function also af-
fects their differentiation. We did not detect a change
in the number of TrkB+/Ret+ neurons nor in TrkC+/Ret+
or TrkA+/Ret+ neurons in Runx3 mutant embryos (Fig-
ures 6J–6L). Thus, Runx3 activity is not required for
the progression from a transient TrkB+/Ret+ to a Ret+
DRG neuron phenotype. Finally, we determined whether
Runx3 activity is able to promote TrkC expression in
TrkA+ sensory neurons. As in E12 wild-type embryos,
few if any hybrid TrkA+/TrkC+ DRG neurons were de-
tected under conditions of ectopic Runx3 overexpres-
sion or in Runx3 mutants (Figures 4C, 4F, and 4L). This
finding argues against the possibility that the exclusionof TrkA expression from TrkC+ proprioceptive sensory
neurons is mediated by Runx3 and reveals that ectopic
Runx3 is unable to induce TrkC expression within the
context of TrkA+ sensory neurons.
Together, these findings argue that during DRG neu-
ronal development, Runx3 exerts a pervasive repressive
influence on the acquisition of the TrkB phenotype but is
able to direct a TrkC phenotype only within Ret+ DRG
neurons.
Ectopic Runx1 Represses Expression
of CGRP in TrkA+ DRG Neurons
The emerging role for Runx3 in selection of propriocep-
tor phenotype within the TrkB/TrkC neuronal cohort rai-
ses the issue of whether Runx1 serves a corresponding
role within the TrkA+ DRG neuronal population. Within
this population, two major subclasses of sensory neu-
rons can be distinguished on the basis of their distinct
profiles of neurotrophic factor receptor expression.
One class of neurons initiates expression of neuropep-
tides such as calcitonin gene-related peptide (CGRP)
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(A–J) Analysis of laminar termination of DRG sensory afferents in E17.5 dorsal horn of lumbar spinal cord isolated from TaumGFP/+ Isl1Cre (A–D),
TaumGFP/Runx3 Isl1Cre (E–H), and TauRunx1/+ Isl1Cre (I–J) embryos. Dorso-ventral extent of laminar termination was revealed by immunocytochem-
istry to TrkA, Lbx1, and GFP.
(K) Schematic representation of laminar termination defects observed at E17.5 upon misexpression of Runx1 or Runx3 in TrkA+ cutaneous af-
ferents. In wild-type mice (top), TrkA+ sensory afferents terminate dorsal to the layers marked by Lbx1+ interneurons, whereas TrkA+ sensory
afferents terminate further ventrally upon Runx1 or Runx3 misexpression (bottom). Scale bar, 60 mm.and substance P (SP) and maintains TrkA (Molliver et al.,
1997; Scott, 1992). In contrast, the second class is non-
peptidergic and undergoes a switch in neurotrophic fac-
tor receptor expression from TrkA to Ret at late embry-
onic and early postnatal stages (Molliver et al., 1997;
Scott, 1992).
To determine the role of Runx1 within TrkA+ DRG neu-
rons, we first assessed the overlap in expression be-
tween Runx1, TrkA and CGRP in E17.5 lumbar DRG neu-
rons. We found that all Runx1+ neurons were tightly
associated with TrkA expression (Figure 7A), consistent
with previous observations (Levanon et al., 2002). How-
ever, most of the TrkA+ DRG neurons marked by coex-
pression of CGRP did not coexpress Runx1 (Figures
7A–7C). Indeed, we found that >90% of all Runx1+
DRG neurons lacked CGRP expression at E17.5 (Figures
7A–7C). To test the functional significance of the exclu-
sion between Runx1 and CGRP expression in DRG neu-
rons, we generated mice expressing Runx1 ectopically
from the Tau locus with a strategy similar to that for ec-
topic expression of Runx3 (TauRunx1/+) (Figures S1A and
S1B).
In TauRunx1/+ Isl1Cre embryos analyzed at E12, many
Isl1+ DRG and motor neurons exhibited expression of
Runx1 (Figures S1I–S1N), and at E17.5, more than 95%
of DRG neurons expressed Runx1 and LacZ (Figures
S2G–S2L). In TauRunx1/+ Isl1Cre embryos analyzed at
E17.5, TrkA neurons showed a pronounced suppression
of CGRP expression when compared to control litter-mates, whereas the level of TrkA expression as deter-
mined by fluorescence intensity (Chen et al., 2006a)
was not significantly different (Figures 7F and 7J; data
not shown). In addition, we did not detect any change
in the expression of the neuropeptide SP (Figures 7H
and 7L). This difference in expression of CGRP was
readily detectable at E16.5, a developmental stage at
which endogenous CGRP expression begins (data not
shown). Together, these findings suggest that Runx1
has the potential to efficiently suppress CGRP expres-
sion in DRG neurons.
Ectopic Runx3 Activity Induces Laminar Termination
Defects in the Dorsal Horn
We next assessed whether ectopic expression of Runx
proteins also impacts on the establishment of laminar
termination of centrally projecting DRG sensory affer-
ents (Bibel and Barde, 2000; Scott, 1992). We first
assayed whether ectopic Runx3 expression in TrkA+
sensory neurons induces changes in their laminar termi-
nation in the dorsal horn. We used an antibody to Lbx1,
a homeodomain transcription factor predominantly ex-
pressed by deep layer dorsal horn interneurons (Muller
et al., 2002), as an independent marker for dorso-ventral
position in the dorsal spinal cord. We found that the ma-
jority of TrkA+ sensory afferents in wild-type embryos
terminated immediately dorsal to the domain marked
by Lbx1 expression (Figure 8A), in agreement with previ-
ous observations (Muller et al., 2002). In contrast, we
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interneurons extensively in TauRunx3/+ Isl1Cre embryos
(Figures 8A, 8E, and 8K).
To assay the ventral boundary of TrkA+ sensory affer-
ents in relation to all sensory afferents invading the dor-
sal horn of the spinal cord, we used a genetic labeling
technique that permits visualization of all sensory affer-
ents by virtue of eGFP fluorescence (Hippenmeyer et al.,
2005). We found that the majority of TrkA+ sensory affer-
ents in TaumGFP/+ Isl1Cre embryos terminated in the su-
perficial layers of the dorsal horn (Figures 8D and 8K).
In contrast, TrkA+ sensory afferents in TaumGFP/Runx3
Isl1Cre embryos projected further ventrally, and their ter-
mination zone overlapped extensively with eGFP+ sen-
sory afferents in the dorsal horn (Figures 8H and 8K).
We next assessed whether we could detect any alter-
ations in proprioceptive afferent projections, detected
by parvalbumin expression (Arber et al., 2000) or by trac-
ing all centrally projecting afferents through application
of fluorescently labeled dextran to individual dorsal
roots (Hippenmeyer et al., 2005). We did not observe
any obvious changes in the central trajectory of pro-
prioceptive afferents of TauRunx3/+ Isl1Cre embryos
(Figure S5). These findings may reflect the fact that
Runx3 protein levels are not significantly altered in pro-
prioceptive afferents of TauRunx3/+ Isl1Cre embryos (Fig-
ure S3). Together, these findings show that ectopic
induction of Runx signaling in DRG neurons can influ-
ence the establishment of neuronal subpopulation-
specific axonal trajectories (see also Chen et al. [2006a]).
Interchanging Runx1 and Runx3 Activities
in DRG Neurons
The availability of both TauRunx1/+ and TauRunx3/+ alleles
permitted us to assess the molecular constraints on the
activities of different Runx transcription factors in DRG
neurons. In particular, we asked if Runx3 and Runx1 ex-
hibit molecular specificity with respect to their activities
in controlling emergence of DRG neuron phenotypes.
We first addressed how ectopic Runx1 expression af-
fects the emergence of TrkC, TrkB, and Ret expression
in DRG neurons. We found complete suppression of
TrkB expression in DRG neurons of TauRunx1/+ Isl1Cre
embryos analyzed at E12 (Figures 4G and 4H), similar
to the phenotype observed inTauRunx3/+ Isl1Cre embryos.
Moreover, we also detected upregulation of TrkC ex-
pression in Ret+ DRG neurons but not in TrkA+ DRG neu-
rons of TauRunx1/+ Isl1Cre embryos (Figures 4I and 6H).
We next determined how ectopic expression of Runx3
in TrkA+ DRG neurons affects expression of CGRP. We
observed complete suppression of CGRP expression
in TrkA+ DRG neurons of TauRunx3/+ Isl1Cre embryos
analyzed at E17.5 (Figure 7N), as in TauRunx1/+ Isl1Cre em-
bryos. Finally, we detected similar changes in the tra-
jectory of TrkA+ sensory axons in the dorsal horn of
TauRunx3/+ Isl1Cre and TauRunx1/+ Isl1Cre embryos (Figure
8E, 8F, 8I, 8J, and 8K). Together, these findings suggest
that the activities of Runx1 and Runx3 in DRG neurons
are interchangeable within the context of our analysis.
Discussion
Neuronal differentiation involves the acquisition of many
specialized molecular properties that are essential forlater neuronal function. The emergence of distinct sub-
populations of DRG neurons is controlled by the selec-
tive activation of distinct transcriptional programs. Yet
the transcriptional mechanisms that control the frag-
mentation of neuronal classes into distinct subtypes of
primary sensory neurons remain obscure. In this study,
we have examined whether Runx transcription factor
activity contributes to the acquisition of selective pro-
files of neurotrophic factor receptor and neuropeptide
expression in different subpopulations of DRG sensory
neurons, traits associated with functionally distinct
neuronal subpopulations that ensure the maturation of
these distinct sensory neuron subtypes. We provide ev-
idence that Runt domain transcription factor signaling
plays an essential role in the emergence of key aspects
of subpopulation character in sensory neurons, appar-
ently by repression of alternate traits. Specifically, we
find that Runx3 controls the establishment of a proprio-
ceptor phenotype by promoting a selective TrkC pheno-
type through erosion of TrkB expression, whereas
Runx1 expression within TrkA+ cutaneous afferents re-
presses the expression of the neuropeptide CGRP.
Runx Transcription Factor Activity and the
Emergence of Subpopulation Phenotypes
The phenotypic changes observed after gain and loss of
Runx transcription factor function in DRG neurons sug-
gest a model in which newly generated sensory neurons
can be divided into two broad populations, with distinct
developmental potentials. One neuronal class, which
differentiates into proprioceptive or mechanoreceptive
sensory neurons, rapidly fragments into three distinct
subclasses, defined by expression of TrkC, TrkB, or
TrkB/Ret. A second neuronal class, destined to differen-
tiate into nociceptors, initially expresses TrkA, but later
fragments into distinct populations that express TrkA
or Ret (Molliver et al., 1997). Runx transcription factor
activity contributes to the diversification of these two
neuronal classes.
Runx3 appears to have a key role within the first class
of sensory neurons, consolidating a TrkC proprioceptor
phenotype. By repressing TrkB and promoting TrkC ex-
pression, Runx3 is required for the progression of DRG
neurons from an intermediate TrkB/TrkC hybrid pheno-
type into a TrkC proprioceptor phenotype. Several lines
of evidence support a model in which the emergence of
a pure TrkC proprioceptive neuron phenotype depends
on Runx3 activity. First, DRG neurons that display a hy-
brid TrkB/TrkC phenotype can normally be detected at
early developmental stages, and this hybrid Trk pheno-
type correlates with absence or low-level expression of
Runx3. In contrast, prospective proprioceptors that ex-
hibit a pure TrkC character express higher levels of
Runx3. Further support for the existence of a transient
TrkB/TrkC hybrid sensory phenotype has been provided
in recent genetic tracing experiments, which show that
more than 70% of trigeminal ganglion sensory neurons
with a TrkB character coexpress TrkC at early develop-
mental stages (Funfschilling et al., 2004). In addition, ec-
topic expression of Runx3 in DRG neurons efficiently
suppresses the potential for TrkB expression and pro-
motes TrkC expression, albeit within a limited neuronal
context (see below). Finally, in Runx3 mutant mice
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coexpress TrkB.
In parallel with the requirement for Runx3 upregula-
tion in prospective proprioceptors, our findings imply
that the exclusion of Runx3 from TrkB+ and Ret+ DRG
neurons is essential for the consolidation of these cuta-
neous mechanoreceptive phenotypes. Among sensory
neurons with a TrkB, TrkC, or Ret character analyzed
at E11.5 to E12, the only DRG neurons that lack TrkB ex-
pression are those that express Runx3, suggesting that
the competence to express TrkB is present broadly in
early DRG neurons and that one function of Runx3 is
to counteract the establishment of a TrkB character in
prospective proprioceptors.
Runx1 appears to have a role in controlling the diver-
sification of the second class of sensory neurons. By
repressing CGRP character within a subpopulation of
TrkA+ DRG neurons, Runx1 may ensure the proper seg-
regation of TrkA+CGRP+ and TrkA+CGRP2 subclasses
of nociceptive sensory neurons. We have found that ec-
topic expression of Runx1 within TrkA+ sensory neurons
represses CGRP, a marker normally excluded from
Runx1+ DRG neurons. In support of this view, a signifi-
cant increase in the number of CGRP+ nociceptive neu-
rons and changes in pain responses were observed in
Runx1 mutant mice (Chen et al., 2006b). Neonatal lethal-
ity of our complementary gain-of-function experiments
on Runx1 function prevented us from analyzing the pos-
sible postnatal consequences of ectopic Runx1 expres-
sion. Together, these findings suggest that Runx3 and
Runx1 may act similarly within these two major subtypes
of DRG neurons, promoting the diversification of spe-
cific neuronal subpopulations.
The involvement of Runx transcription factors in the
establishment of sensory neuron subpopulations has
parallels with the function of Runx proteins in thymocyte
differentiation (Taniuchi et al., 2002). As thymocytes ma-
ture, they progress from a transient CD4+CD8+ cell type
to generate CD42CD8+ cytotoxic, or CD4+CD82 helper,
T cells (Taniuchi et al., 2002). In the absence of Runx3
function, transcriptional silencing of CD4 is impaired,
resulting in the development of CD4+CD8+ cytotoxic T
cells. However, development of CD4+CD82 helper thy-
mocytes, which do not express Runx3, is not affected.
Together, these findings suggest a pervasive role for
Runx proteins in the emergence of mature cellular func-
tions in both the nervous and immune systems.
Molecular Specificity of Runx3 and Runx1 Activities
in the Control of Sensory Phenotypes
Our experiments suggest that Runx3 and Runx1 activi-
ties are interchangeable with respect to many of their
activities in DRG neurons. Ectopic expression of
Runx1 mimics the effects of Runx3 in suppressing the
expression of TrkB in mechanoreceptive sensory neu-
rons and induces TrkC in early born Ret+ sensory neu-
rons. Conversely, Runx3 is able to suppress the expres-
sion of CGRP in TrkA+ DRG neurons and to alter axonal
trajectories of TrkA+ DRG sensory axons in the dorsal
spinal cord. For the activities assayed in this study
therefore, the cellular profile of Runx3 and Runx1 ex-
pression in proprioceptive and mechanoreceptive
(Runx3) or nociceptive and thermoceptive (Runx1)
DRG neuron subpopulations, rather than their distinctactivities, restrict their normal activities. Nevertheless,
expression of Runx1 in chick DRG neurons at levels
greater than that achieved in the mouse is not sufficient
to drive TrkA+ sensory axons to grow into the ventral
horn, an activity readily detected upon ectopic expres-
sion of Runx3 (Chen et al., 2006a). These assays in chick
embryos do not permit assessment of potential defects
in laminar projections in the superficial dorsal horn upon
ectopic expression of Runx1 (Chen et al., 2006a). Collec-
tively, these findings suggest that although some activ-
ities between Runx3 and Runx1 are shared, there are
also different activities. Similarly, gene replacement ex-
periments showing that different members of the myo-
genic basic helix-loop-helix transcription factor families,
which are controlled by temporally and spatially re-
stricted expression, appear to have similar but not equal
molecular potential during normal muscle differentiation
(Wang et al., 1996).
What then is the molecular mechanism that restricts
expression of Runx1 and Runx3 to defined DRG neurons
during development? Despite the fact that TrkC expres-
sion slightly precedes onset of Runx3 expression, we
found that initiation of Runx3 expression in TrkC mutant
DRG neurons was unaffected. Likewise, Runx1 expres-
sion was normally initiated in TrkAmutant DRG neurons.
The finding that Runx expression is independent of Trk
mediated neurotrophic factor signaling indicates the
existence of independent signaling systems that act to
ensure the correct segregation and consolidation of dif-
ferent DRG sensory neuron populations.
Constraints on Runx Transcription Factor Function
within DRG Neurons
Our findings on the role of Runx3 in DRG sensory neu-
rons raise two important questions related to the biolog-
ical activities controlled by Runx3 and the cellular con-
texts within which Runx3 can act. (1) Which aspects of
differentiation require Runx3 activity in proprioceptive
afferents, and (2) for which of these aspects of proprio-
ceptive afferent differentiation is Runx3 sufficient in the
context of nonproprioceptive sensory neurons?
When assessing whether ectopic Runx3 expression
promotes the emergence and differentiation of an addi-
tional complement of mature proprioceptive neurons
within the DRG, we found no increase in the number of
proprioceptive DRG neurons at late embryonic stages,
as assessed by expression of parvalbumin (Arber
et al., 2000). Our findings are in agreement with studies
in the chick in which ectopic Runx3 expression in the
DRG does not induce a complete phenotypic conver-
sion from cutaneous afferents to proprioceptors in
TrkA+ DRG neurons (Chen et al., 2006a). Thus, Runx3
may not be sufficient to drive a complete change in
cellular phenotype outside the context of propriocep-
tors.
Although Runx3 activity does not appear to be suffi-
cient to drive proprioceptive fate, our findings suggest
that within the context of a TrkC+ proprioceptive pheno-
type, Runx3 expression is necessary for the acquisition
and consolidation of proprioceptive traits. Our analysis
of Runx3 mutant mice shows that the progression from
a hybrid TrkB+/TrkC+ phenotype into a pure TrkC+ phe-
notype is impaired in Runx3 mutant mice. Analysis of
two previously generated Runx3 mutants reached
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tive neurons (Inoue et al., 2002; Levanon et al., 2002).
Molecularly, theRunx3 mutant mice used in our analysis
most resemble the Runx3 mutant mice generated by In-
oue et al. (Inoue et al., 2002) because in both mutants,
a portion of the Runt domain remains. However, unlike
Inoue et al. (Inoue et al., 2002), we find that expression
of TrkC was clearly diminished. In addition, we observed
a lack of parvalbumin expression and no increase in
TrkB+ sensory neurons at late embryonic stages in our
Runx3 mutant mice. This suggests that hybrid TrkB+/
TrkC+ cells may be eliminated at later embryonic stages.
Thus, phenotypically, our loss-of-function results sup-
port the study in which proprioceptive afferents in
Runx3 mutant mice were suggested to undergo cell
death (Levanon et al., 2002). Similarly, we observe a de-
crease in the total number of DRG neurons at E17.5 in
mice ectopically expressing Runx3 in all DRG neurons,
suggesting that deregulation of neurotrophic factor re-
ceptors also ultimately leads to neuronal cell death.
The differential action of Runx3 in distinct neuronal
subpopulations poses the question of the nature of the
constraints on Runx3 activity in different classes of
sensory neurons. We found that Runx3 promotes the
emergence of an ectopic TrkC phenotype in only a small
subset of neurons. No ectopic induction of TrkC was de-
tected in TrkA+ sensory neurons, but most early emerg-
ing Ret+ sensory neurons consistently coexpressed
TrkC upon misexpression of Runx3. One intriguing pos-
sibility is that the Ngn1-dependent DRG neurons, which
constitute the majority of all TrkA+ neurons, are resistant
to Runx3 activity with respect to initiation of TrkC ex-
pression. The coexpression of TrkC with Runx3 and of
TrkA with Runx1 indicates that the segregation in ex-
pression of Runx3 and Runx1 also conforms to this sen-
sory neuron subtype barrier. Consistent with this possi-
bility, recent studies have indicated that ectopic TrkC
expression from the TrkA locus induces only a small
fraction of all cutaneous DRG neurons to convert to
a proprioceptive neuronal phenotype (Moqrich et al.,
2004), a further indication of a restriction in cellular con-
text in which conversion of sensory neuronal phenotype
can be achieved.
However, TrkA+ DRG sensory neurons are capable of
responding to changes in Runx transcription factor sig-
naling associated with the control of axonal targeting.
The accompanying study by Chen et al. (2006a) provides
evidence that raising Runx3 protein levels in TrkA+ affer-
ents to levels normally detected in proprioceptive affer-
ents is sufficient to induce these afferents to grow into
the ventral spinal cord. In agreement, our mouse genetic
approach also affects dorso-ventral targeting of TrkA+
afferents in the spinal cord, albeit to a lesser extent.
Although it is formally possible that Runx3 exhibits
a more pronounced axonal targeting activity in chick
than mouse DRG neurons, the most plausible explana-
tion for the observed differences lies in the lower protein
levels achieved by transgenic expression in the mouse,
a level below the one normally detected in propriocep-
tive afferents. Moreover, because of technical limita-
tions with mouse genetics, our study cannot assess
whether and how Runx3 transcription factor signaling
affects laminar termination at the level of single afferent
axons (Chen et al., 2006a).Collectively, our findings, and those of the two accom-
panying papers (Chen et al., 2006a; Chen et al., 2006b),
provide evidence that Runx transcription factor signal-
ing controls three critical elements of DRG neuronal
phenotype: neurotrophin sensitivity, peptidergic neuro-
transmitter profile, and axonal targeting. Thus, Runx
proteins serve as key transcriptional intermediaries in
the assignment of the functional features of DRG sen-
sory neuron subclasses that underlie the early steps of
somatosensory processing.
Experimental Procedures
Generation of Mice and Mouse Genetics
Generation of TauRunx3 and TauRunx1 mice: a lox-STOP-lox-Runx3-
IRES-NLS-LacZ-pA (Runx3: short or long amino-terminal isoform)
(Bangsow et al., 2001) or lox-STOP-lox-Runx1-IRES-NLS-LacZ-pA
(Runx1: short amino-terminal isoform) targeting cassette was inte-
grated into exon 2 of the Tau genomic locus (Hippenmeyer et al.,
2005; Tucker et al., 2001). ES cell recombinants were screened by
Southern blot analysis with a probe in the 50 region as described pre-
viously (Hippenmeyer et al., 2005; Tucker et al., 2001). Frequency of
recombination in 129/Ola ES cells was w1:3. Recombinant ES cell
clones were aggregated with morula-stage embryos to generate
chimeric founder mice that transmitted the mutant allele. A condi-
tional allele of Runx3 was generated in the Littman laboratory by
flanking exon 4 of the Runx3 locus by loxP sites. These mice were
crossed with a mouse strain expressing Cre recombinase ubiqui-
tously under the control of the TK promoter (Bai et al., 2002) to
achieve germ-line transmission of a Runx3 mutant allele (details on
the generation of these mice will appear in a separate study). In all
experiments performed in this study, animals were of mixed genetic
background (129/Ola and C57Bl6). Isl1Cre (Srinivas et al., 2001),
Ngn1+/2 (Ma et al., 1999), Ngn2+/2 (Zirlinger et al., 2002), TrkC+/2
(Liebl et al., 1997), TrkA+/2 (Moqrich et al., 2004), TrkCGFP (Gong
et al., 2003), and TaumGFP-INLA (Hippenmeyer et al., 2005) mouse
strains have been described previously. To achieve expression of
Runx3 only in a subset of DRG neurons, we used Hb9Cre mice (Hip-
penmeyer et al., 2005; Yang et al., 2001). TrkCGFP (Gong et al., 2003)
mice were crossed into the Runx3 mutant background in order to vi-
sualize TrkC+ DRG sensory neurons. Timed pregnancies were set up
to generate embryos of different developmental stages.
Immunohistochemistry, Axonal Tracing, and Quantification
Antibodies used in this study were: rabbit anti-Runx3 (generated
against a 6xHis tagged carboxy-terminal fusion protein of Runx3;
amino acids 187–415), rabbit anti-Runx3 (generated against a mouse
Runx3 peptide: AQATAGPGGRTRPEVRS), rabbit anti-Runx1 (gen-
erated against a mouse Runx1 peptide: GRASGMTSLSAELSSRL),
rabbit anti-TrkA (gift from L.F. Reichardt), rabbit anti-Ret (IBL), rabbit
anti-parvalbumin (SWANT), rabbit anti-CGRP (Chemicon), rabbit
anti-Substance P (Penlabs), goat anti-Ret (RDI), goat anti-LacZ
(Arber et al., 2000), goat anti-TrkC (gift from L.F. Reichardt), chick
anti-TrkB (gift from L.F. Reichardt), guinea pig anti-Isl1 (Arber
et al., 2000), guinea pig anti-Lbx1 (Muller et al., 2002), and sheep
anti-GFP (Biogenesis). Selectivity of anti-Runx3 and anti-Runx1
antibodies was tested by transient COS cell transfections with
pcDNA3-Runx3 and pcDNA3-Runx1 plasmids (Invitrogen). Cryostat
sections were processed for immunohistochemistry as described
(Arber et al., 2000) with fluorophore-conjugated secondary anti-
bodies (Molecular Probes). Images were collected on an Olympus
confocal microscope. Anterograde labeling of lumbar DRG sensory
afferent projections was performed as previously described (Hip-
penmeyer et al., 2005).
For quantitative experiments, counts from level-matched lumbar
DRG of each genotype (nR 4 embryos) were included in the respec-
tive analysis. The number of Isl1+ L3 lumbar DRG neurons at E12.5
was not significantly different between wild-type and TauRunx3/+
Isl1Cre embryos (wild-type: 267.8 6 7.9 Isl1+ neurons/section;
TauRunx3/+ Isl1Cre: 261.9 6 8.7 Isl1+ neurons/section; n R 11), and
we also did not detect any differences in TUNEL (Roche) labeling
at E11.5 and E12.5 (data not shown). In contrast, the number of
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E17.5 (wild-type: 358.46 15 Isl1+ neurons/section; TauRunx3/+ Isl1Cre:
315.8 6 9 Isl1+ neurons/section; n R 13). Quantification of Runx3
and TrkA protein levels was performed with Image J 1.35f software
(NIH) to measure the mean pixel intensity of Runx3 and TrkA
immunoreactivity as described in detail by (Chen et al., 2006a).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/3/379/DC1/.
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